An enzymatic reaction within a mesh-like structure constructed using hyaluronan was investigated in order to understand the influence of specific reaction environments in a living body on the reaction. This mesh-like structure, which mimicked extracellular matrix conditions, was found to accelerate glycohydrolysis by Jack bean -mannosidase.
Most biochemical reactions are mediated by enzymes whose reaction efficiencies are influenced by the probability of substrate collision with the enzyme. A high concentration of substrate enhances molecular collision with the enzyme, causing increased product formation, whereas a reduction in molecular collision due to a viscosity increase causes decreased product formation. What is the influence of the mesh-like structure formed by the ECM on the biochemical reactions? Although the viscosity increase induced by the ECM appears to result in decreases in the efficiencies of the enzyme reactions, in contrast, when both enzymes and substrates are captured by the mesh-like structure, the limited microspace might increase molecular collision, resulting in an increase in reaction efficiency. Since there has been no report of the effect of such a mesh-like structure on enzymatic reaction efficiency, studies of the influence of this specific reaction environment should provide important insight into biomolecular conversion and the ways it is influenced under ECM conditions. The potential use of such a mesh-like structure as a regulatory factor in molecular conversion is also an interesting possibility in view of the previous insights that the use of such a mesh-like structure has provided regarding the acceleration of chemical reactions by a microreactor that mimics the intracellular micro-space. 3) In the present study, we investigated the activity of Jack bean -mannosidase under several mesh-like environments constructed using HA. The results clearly indicate that the reactions can be accelerated within a specific concentration range of HA, and that this acceleration is not dependent on an HA-induced viscosity increase.
A schematic diagram of this work is shown in Fig. 1 . The enzymatic assays were carried out using Jack bean -mannosidase, a tetrameric enzyme of 220 kDa that hydrolyzes the -glycosidic bond of terminal mannose residues. 4) Since its large molecular weight is suitable for capture by the mesh-like structure, we selected this as a model enzyme for estimating HA effects. This enzyme and its synthetic substrate p-nitrophenyl -Dmannopyranoside (pNP-Man) were added to a solution of HA in Tris . HCl buffer (pH 5.8), and then enzymatic reaction efficiency was estimated by spectrophotometric detection of the resulting p-nitrophenol. HA is known to cause pH-dependent conformational changes, whereas single conformation has been observed at pH 5-8. 5 ) This is why we chose pH 5.8 for this study. Synthetic HAs that have Na þ as counter cations (Denki Kagaku Kogyo Kabushiki Kaisha, Tokyo) and whose average molecular weights were adjusted to 300,000 (HA-300K) or 1,000,000 (HA-1000K) were used.
6) The concentrations of HA were adjusted to 0.05%-0.2%, taking into consideration the HA concentration in a living body.
7)
The enzyme concentration was controlled in such a way that there was one molecule of the enzyme in approximately 200 grids of the HA based on the mesh size of 0.1% HA-300K. This mesh size is approximately 33 nm, and can capture Jack bean -mannosidase, which is 12 nm in diameter as measured by dynamic light scattering (Zetasizer nano S; Malvern Instruments Ltd., Worcestershire). Since the size of the pNP-Man substrate is much smaller than that of the enzyme, the substrate moves freely among the grids. To remove the influence of substrate diffusion, we used an excess amount of the substrate (100 molecules/grid). The reaction temperature was fixed at 4 C to regulate the reaction velocity for precise detection.
First we investigated the additive effects of HA-300K on Jack bean -mannosidase activity under the reaction conditions described above. At a HA-300K concentration of less than 0.05%, enzyme hydrolytic activity increased to 135% of that of the enzyme activity without HA ( Fig. 2A) . When the HA concentration was gradually increased to 0.2%, enzyme activity decreased in a HA dose-dependent manner, but remained higher than that y To whom correspondence should be addressed. Fax: +81-422-37-3871; E-mail: ktotani@st.seikei.ac.jp Abbreviations: HA, hyaluronan; ECM, extracellular matrix; PAA, polyacrylamide of the control. Increasing the concentration of HA in the reaction mixture from 0% to 0.2% resulted in a dosedependent increase in the viscosity of the enzyme solutions, and, at the highest concentration of 0.2% HA-300K, the viscosity of the enzyme solution was more than 3 times higher than that of the solution with no HA additive (Fig. 2B) . When it is considered that an increase in viscosity causes a decrease in diffusion, the observed decrease in enzymatic reaction efficiency with increasing HA concentrations must be considered to depend on the HA concentration. However, as Fig. 2A shows, the enzymatic reactions were accelerated under HA conditions in a manner that did not depend on the viscosity of the reaction environment. This suggests that the enzyme reaction must be affected by both the proposed HA-capturing effect, which increases molecular collision, and the effect of increased viscosity, which decreases molecular diffusion. Similar experiments under HA-1000K conditions showed tendencies for the enzymatic reactions (Fig. 2C and D) identical to those observed under the HA-300K conditions. The fact that the enzyme activity relative to the control at each HA concentration (Fig. 2C) was slightly decreased as compared to that in Fig. 2A , these phenomena might be caused by the higher viscosity of the HA-1000K solutions (Fig. 2D) . Since the mesh size of HA is known to change only when the HA concentration changes, 6 ) the range of mesh sizes of the same concentration of HA-300K and HA-1000K should be approximately the same. Thus the mesh size that is present under 0.05% HA conditions appears to capture the candidate enzyme effectively, and the resulting enhancement of molecular collision causes acceleration of the enzyme reaction.
Next we calculated the K m and V max values of Jack bean -mannosidase in the presence of 0.05% HA-300K, the condition under which the highest reaction efficiency was observed. We measured a lower K m value and a higher V max value under these conditions than under the non-HA condition ( Table 1 ). The enzymatic efficiency (V max =K m ) was 1.31 times higher than that of the control. Since HA alone does not accelerate enzymatic activity, this suggests that the specific environment constructed by HA affects the efficiency of the enzymatic reaction. Thus the proposed capturing effect of the mesh-like structure of HA, which is expected to enhance molecular collision within a limited area, explains the results shown in Table 1 .
To clarify effect of the specific mesh-like structure of the HA solution, next we investigated the influence of adding non cross-linked polyacrylamide, which does not form a mesh-like structure, to the enzyme buffer solution. Hydrolysis reactions similar to those described in Fig. 2A All experiments were performed at least 3 times. a All of the enzyme assays were carried out in a reaction mixture (70 mL) containing 0, 1, 2.5, or 5 mM of pNP-Man, 75.6 ng of Jack beanmannosidase, 35 mg HA-300K (0.05 wt%), and 50 mM Tris . HCl (pH 5.8) at 4 C. After 45 min the incubation, the reactions were stopped by adding 2 M Tris (140 mL) and the absorption of the mixtures at 400 nm was then analyzed using a microplate reader. All experiments were performed at least 3 times. Properties of Jack Bean -Mannosidasedose-dependent manner (Fig. 2E) . At each PAA concentration, the viscosity of the PAA solution was lower than that of the same concentration of the HA-300K solution ( Fig. 2B and F) . If only viscosity is considered, molecular diffusion would be expected to be slower under the HA-300K condition than under the PAA-200K condition, which would cause enzyme reaction efficiency under the HA-300K condition to be lower than that under the PAA-200K condition. However, unlike the situation following PAA addition, we clearly observed an acceleration of the enzymatic reaction upon HA addition one that was not dependent on solution viscosity. This suggests that a specific higher-order structure of HA contributes to enhancement of the enzymatic reaction efficiency, which confirms our working hypothesis.
In this study, we investigated the influence of a meshlike environment constructed by HA on the hydrolysis of pNP-Man by Jack bean -mannosidase. The results indicate that enzymatic efficiency in the presence of 0.05% HA-300K was approximately 1.3 times higher than without an HA additive. However, under the same condition the solution viscosity increased to 1.5 times that of the control, and the resulting decrease in diffusion must have caused a decrease in the enzyme reaction efficiency. Although the percent acceleration of the enzymatic reaction within the HA mesh-like structure was not very high, these unexpected phenomena provide insight into the influence of the ECM as a specific environment for biochemical reactions.
Our findings suggest that the mesh-like environment constructed by HA can capture Jack bean -mannosidase and enhance molecular collision between the enzyme and its substrate within a micro-space with limited diffusion. In terms of engineering a chemical reaction, such a biomimetic environment may provide a clue as to how to create a novel procedure for reaction enhancement. Further studies are in progress along these lines, and will be reported in due course.
